= Lentiviral shRNA screen of multidrug resistant associated genes identifies PRP-4 as a new regulator of chemoresistance in human ovarian cancer
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ABSTRACT

Experimental evidence implicates a wide range of mechanisms that may contribute to the drug
resistant phenotype in ovarian cancer. The major goal of this study is to determine the mechanism
underlying the relationship between overexpression of drug resistance associated genes and multidrug
resistance in ovarian cancer. Using lentiviral shRNAs targeting 120 genes identified from
transcriptionally profiling drug resistant cancer cell lines, individual knockdown experiments were
performed in the presence of sublethal doses of paclitaxel. Specific knockdown associated cellular
toxicity identified ABCBI (MDRI), survivin and PRP4 (pmmmA Processing factor-4) as genes
directly linked to paclitaxel resistance in the paclitaxel resistant c KOV-3,, Both ABCBI and
survivin have been prulously reported to play a role in multidrug resistance and chemotherapy drllg
duced apoptosis, w ts of PRP-4 expression with drug sensitivity is currently unrecog
PRP-4 belongs to the Ser/Thr protein kinase family, plays a role in pre-mRNA splicing, and mnmm
with CLK1. Northern analysis demonstrated that PRP-4 is overexpressed in several paclitaxel-
resistant cell lines and also confirmed PRP-4 expression could be significantly knocked down by PRP-4
lentivrial ShRNA. Both clonegenic and MTT assays demonstrated that knock down of PRP-4 could
reverse paclitaxel resistance 5-10 fold in the paclitaxel resistant cell line SKOV-3,,  Finally,
overexpresion of PRP-4 in drug sensitive cells could induce a modest level of drug resistance to
paclitaxel.

MATERIALS AND METHODS
Cell Culture. The human ovarian cancer cell line SKOV-3 used in this study was obtained from the American Type Culture Collection
(Rockville, MD). The paclitaxel esistant SKOV-3y, was cmmm as previously reported and cultured in RPMI 1640 supplemented
10% fetal bovine serum, 100 unitsml penicill o steplomycin (il atained rom Iniogen, Carlsbad, CAy. Resstant
clones were continuously cultured in paclitaxel otimnct wa obined through unused residual clnical material at the
Visachuste Gene Hospi

Drug Resist Lentivi NA Library. The genes were based on their relevance
i ovarian cancer from our previous studies. Based on 291 gene m.w.m, "t et v pression in at east two

esistant Ae]l lines, we constructed a lentiviral SARNA lbrary composed of 132 genes at Sigma-Aldrich Research Biotechnology (St
Louis,  MO) Details of the libraryproduction methods can be found at the Sigma web site
[ InteresuLife_ |_Genomies_and_RNAVSHRNA). In particular, these genes were

pre-selected because they also included full-length open reading frames (ORF). These ORF will be useful for confirmatory functional

studies in which be transfected back lines.

Lentiiral Infection. Infection condiions in SKOV-3,, were optimized with MISSON* TurboGFP™ Control Transduction partiles
(SHC003V) and Non-target shRNA Control Tmmducnor\ it (SHC003V) (Sigmy in 96-welplts o opimal gt conions
viral dosage, puromyein selection coneentration and assay times prior o screening. On day 1, SKOV-3,y cells were seeded at 1.6x10%
sl m e, 00 96-velplte nd abelod ih plse A, 1 o . and ncubate o 24 bt 57-C . 1). On ml of
hexadimeiin bromide wersadded to cach wll, and infctsd wsing & o el paicls encodin SRNA agint it drog
resistance associated genes to appropriate wells, and incubated for 24 h at 37°C. On day 3, plate A was kep as the control without the
addition of puromyein or paclitaxel, the shRNA viral partile-containing medium was removed and replaced it with fresh medium. For
plate B, viral partcle-containing medium was removed and replaced it with fresh medium containing $ g/l of puromycin for selction
of asdued cls.Fo pltc C, v prticlcontiing medim o snd tplac f vith frsh mecium conaining $ /il of

aromein and 0.1 WM ofpactianel From day 4 0 oy 10, fesh modium was relaced withnecesiy a above eseibed and xalaied
T ier wer anycyonitry i an el ot h micoscope. On Dy 1, e bt f s <l wis deemined v CollTir
96%AQ,,, One Solution Cell Cytotoxicity Assay (Promega, Madison, W)

Detrmintan of the Resuts and Anatss: The oners format v desgned o include vation of s gt g rough SRNA
entiviral- mediated gene knockdown. The experiments were conducted in two control plates and one experimental plate 1o permit plte-
to-plate comparisons (Fig. 1) The control plates (plate A and plate B) were used t0 evaluate transduction effciency, oo target
genes that were lethal during knockdown in the absence of chemotherapy. T!
this study was o identify genes that are important in acquired drug
given only lentivirus to confirm that the ShRNA is not ethal n the absence of puromycin and paclitaxel (a positive result is cell survival):
A second plate (plate B) was exposed to puromycin and lentivirus to confirm efficiency of infection (once again a positive result is cell
survival). The third plate (plate C) was given both lentiviral siRNA and 0.1 wM paclitaxel. This is ypically a sublethal dose of paclitaxel
for the SKOV-3,cell line and a positiv argeted genes that are associated with cells
suriving i e . and B and dying i pate  vas identied o Wi and seleted Rr ather sty Exch ofhe 12 genes s
nted by three to five different ShRNA lentiviral partcle constructs targeting different sites of the genes. In addition, since these
ShRNA are complimentary (o different regions of the mRNA, it reduces the risk of “off target effeets”. To further minimize the
possibiity of “ofTtarget” hits, we only focused on genes identified as functional drug resistance genes by two o more ShRNA targeting
the same gene. All experiments used cels infected with 2 non-target vector control virus (Sigma) 25 a negative control for expression
Onee hits were identified, we validated that the targeted genes indeed have been knocked down by RT-PCR and Northem

analysis
RNA Extraction: RNA was collected from SKOV-3, SKOV-3.,. Total RNA was isolated using TRIzol” Reagent (Invitrogen) according
to the manufacturer’s instructions.  Additionally, RNA- qualty was determined via ethidium bromide staining followed by
agarose/formaldehyde gel clectrophoresis.

REPCR Forhe P-4 s the sl o e ShRNA sersnin wereverifis usin RT-FCR and Norern b xm\yx\s Rk

PRP-4
5 o miradce a Not 1 5te 2 underlind, and andiscns pamer 3
- Ganbank 4 NM_003913 ) to introduce  BamH 1 site as underlined. The
introduced restriction enzyme sites were designed for following confirmatory functional studics. TRIzol extracted total RNA was
DNAase-reated o remove contaminating genomic DNA according 1o the manufacturer’s protocol (Invitrogen). RT-PCR were
performed using the Titan One Tube RT-PCR. Indianapol

Northern Analysis. PRP-4 RT-PCR products were cloned into the pCR¥2.1 vector using a TA Cloning® kit (Invitrogen) and the cloned
fragment was confirmed by sequencing. The cDNA inserts were cut using Not | and BamH I (Promega) and punl\:d g e QIAENI
Gel Extraction Kit (Qiagen Inc, Chatsworth, CA). PRP-4 probes were labeled with “P-dCTP using the Megaprime DNA Labeling
Sy, (Amesham Parnacia Btk icatavay N Tol RYA v et ing e TRl esgents o described sbove. KNA
was separated by 1 Iy Sug total RNA per lane), transferred to Hybond N-
e man membranes (Ameriam Bioseinces) and UV cros nked: & one hou prehybridization scp s performed n Rapid b
buffer (Amersham Biosciences), followed by a 2 hour hybridization of the ?P-labeled PRP-4 probe i the same buffer. The blots were
washed twice at rom temperature with 2XSSC-0, for 15 min and twice at 65 C with 0.2XSSC-0.1% SDS for 15 min. Blots
were exposed toatoradiogrphy Xeray flm vithan inensfing scren Finly, toconfmthe amounts of RNA lsded incch ae.
with an f-aetin prob. s performed

Cxtonselty Amay. Pclimsel oty yessseseed n o ving the MTT sy s preiosly dtrve. Briey 210 el e
wel wers plated in 96vell ples in clue medum (RPML 1640 spplmented with bovine serum and

et ottt 10UIMTT 6 ‘mg/ml in PBS, obiained
from Sigma) were added to cach well and the. plats e et o 4 The resulting formazan product was dissolved with acid-
isopropanal and the absorbance at @ wavelength of 490 nm (Ay) was read on a SPECTRAmax® Microplate Spectrophotometer
{Moleclar Devies, Sumnyale, CA). The sbsorbance values were rormalzed by assgnin the value of the control ine n he medium
without drug 10 1.0 and the value of the no cell control to 0. Experiments were performed in triplicate. Dose response curves were fitted

Py it iego, CA).

4 Expresien Vectar Consrucion. Clonaecks (P Al CA) maainalien exprssion vetor IRESoeo s wid o
functional expression study of

CS) and a synthetic intron the mRNA. A 3004
base pair eDNA fragment containing the full ORF of human PRP-4 was amplificd by RT-PCR.from the RNA of SKOV-3, @ pacitaxel
esistant cell line that highly overexpresses PRP-4. The resulting PRP-4 RT-PCR product was cloned to pCR®2.I Vector using
Invitrogen’s Original TA Cloning Kit. After sequence confirmation, PRP-4 was cut from the pCR22.1 vector, purified, subcloned to the
MCS of expression vector pIRESnco, and subscquently sequenced o confirm the correct ORF. Expression of PRP-4 cDNA was under

the control of the pCMV.

Transfection and Production of Stable Cell Lines, Transfections were performed using LipofectAmine Plus reagents (Invitrogen) as
follows: approximately 5x10° SKOV-3 cells were plated into 90 millimeter tissue culture dishes and cultured overnigh. P
transfection, the growth medium was replaced with serum fre 40 and cultured for three hours. LipofectAmine reagent
containing 5 g of pIRE: IRES,y., was combined with Pl ficd to th cells. After cultre for four hours, the media
was replaced with RPMI 10% fetal bovi " was started at 24 hours
post transfection. The selection medium was changed every 2 days.

Western Blotting. The hursan PRP-5 by was generously provided by Dr. Regis Giet (University Renaes, antz) e

antibody C.

Aldmh PRP-4 and Pep proteins were analyzed in toal cel e Tol ol s were preprd, nd Weser o anilysis
Briefly, it Bioschoology, Craotevle,

concentration ¥ the DC Protein tl protein were

resolved on NuPage™ 4-12° immunot

inTBS (pH 7.4) with 0.1% Twe " Horseradish conjugated second:

nibodies Bio-Ra)were ineubated n TBS (1 74)with 5% onfa ik (3io-Rad) and 0194 Twcen-20,t 2 13000 dton for o

hou West Pico

Chemilaminescen Subre (ire Boteehnoloy. e Roekford. 1)

INTRODUCTION

Standard chemotherapy for newly diagnosed and recurrent ovarian cancer includes a combination of paclitaxel and
carboplatin. ~ Although objective responses and survival benefits are seen, the efficacy of both of these agents is
limited by the eventual development of multidrug resistance (MDR). There is little understanding of how ovarian
tumors, as well as other tumors, develop drug resistance. Experimental evidence from several laboratories implicates
f mechanisms that contribute to the drug resistant phenotype and reversing drug resistance has been a
high priority goal of clinical and investigational oncology.

Gene expression profile analysis is an efficient technology that allows screening for correlations between expression
of specific genes and acquisition of multidrug resistance. In an attempt to identify novel genes that are differentially
expressed between paclitaxel-resistant and paclitaxel sensitive cells, the paclitaxel-sensitive ovarian cancer cell lines,
SKOV-3 and OVCARS, and the paclitaxel sensitive breast cancer cell line, MCF-7, were exposed to incrementally
increasing concentrations of paclitaxel. This procedure resulted in the esmbllshmem of three paclitaxel resistant
daughter cell lines, SKOV-3,, OVCARS,,, and MCF-7y,. respectively. G ion in these three pacitaxel-
resistan ol lines and her copesponding Seniive pares ines (SKOV-3 15 SKOV- 315 OVCARS Vs OVCARS
MCF-7 vs MCF-7,,,) was characterized using Affymetrix microarray technology. A large number of transcripts were
identified as differentially expressed between sensitive and resistant cell lines. 790 (SKOV-3.5), 689 (OVCARS )
and 964 (MCF-7,,,) gene transcripts demonstrated more than a two-fold overexpression in the paclitaxel resistant lines
relative to their expression in the sensitive parental lines. Although SKOV-3.,, OVCARS, and MCF-7
demonstrate a paclitaxel resistant phenotype, the transcripts identified with altered expression in each cell line pair
were largely non-overlapping and encoded proteins with a wide variety of biochemical functions. - Recently, we have
identified a collection of approximately 132 genes that are overexpressed in multiple paclitaxel- resistant cell lines as
compared (0 thei paciaxcl seniive pmml lines. However, esiablishing a strong cortelation between drug
ved to

‘The ability to use RNA interference (RNA) as a tool for functional gene silencing in tumor cells has enabled us to

perform loss- of- gene function studies in tissue culture systems. NA has been shown to be effective for
shoretergene nibionin mammlian el fncs ter s clear problm in s s for sable rnseript nockdown,
Recently, short hairpin RNA (shRNAS) libraries in lentiviral vectors have been described and used in stable cell lines
and In tansgenic mice. Our aim wa {0 dentfy gencs cssonial for g ressance by sreening fo STRNAS tht
selectively reverse drug resistance in cancer cell lines. This type of screen holds promise for the discovery of novel
fargets in reversing drug resistance in cancer therapy and genetically validated combination therapies.

In present study, we utilized the above-mentioned collection of 132-lentiviral SRNA library targeting the expression
 drug resistance associated proteins to address whether loss of these proteins impact paclitaxel sensitivity in vitr.
“This pre-selected ShRNA library was drawn from our previous cDNA array studies; the screen has been carried out in
the well-characterized ovarian cancer paclitaxel- resistant cell ine SKOV-3,,,. We show that inhibition of several
target genes could sensitize SKOV-3.., to paclitaxel. Specifically, we describe the overexpression of human pre-
messenger RN, -4) kinase in cells and specific PRP-4 knockdown
associated cellular paclitaxel sensitivities. Furthermore, we have identified a set of drug resistance associated genes
that when slnced, cause el sensthity (o paclfanl sevral of which (sich as ABCB /MDRI, MDM2, and
survivin) have been previously shown to be involved in multidrug resistance. This observation suggests that
Overoxpression of PRP 4 s anew chaniom for the acquistion f paclione esistance nd thereore a potetil
novel target for the development of therapies treating drug resistance in ovarian
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Table 2 MSSION™ TRC PRP-4 shRNA Target Set

TRC number’ Sequence Target region  Reverse resistance
"TRONDO00000719 | GOGEOOCTATCAACTGICTTATGTACTOGAG

(TRC719) TACATAAGACAGI TGATAGGGTTTTT 3UTR Yes
TRONO000000720 GOGEECTCCTGATGT TAAAGAGTATCTOGA

(TRC720) GATACTCTTTAACATCAGCACCTTTTT | CDS No
TRONO000000721 | GOGGECTCAAGATCAAGCAAGGAAATCTCGA!

(TRC721) GATTTOCTTGCTTGATCTTGAGTTTTT s No
TRONO000000722 GOGEGAATGAAAGT TGAGCAGGAATCTOGA

(TRC722) GATTCCTGCTCAACTTTCATTCTTTTT s Yes
TRONO000000723 GOGGAGCAAGTCAAAGGAGAGAAACTOA

(TRC723) GITTOCTCTOCTTTGACTTGCTTTTTT s Yes
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eytotoxicity of pacltaxel in SKOV-3 derived cell lines (SKOV-3pIRESyy ) stably transfected with a IRES ., expression vec
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Table 1. The list of positive hits from the lentiviral ShRNA
creen in SKOV-3;,

Gene name Symbol Functions Positive hits

Bro-mRNA Brocessing  PRP-4  pro-mRNA splicing, Interacts 3 ouls

factor 4. with CIk1 C-terminus

Survivin EPR-1  Inhibitapoplosis, regulate 20ut4
tosis.

Multigrug resistance 1 MDR1  efflux pump responsible for 20uts

decreased drug accumulation

Nuclear matrix protein THOC1  protein transcription and RNA 2 out§

84 t

Oncoprotein mam2 mdm2  Inhibit cell cycle arrest and 20ute
plosis

Krev interaction trapped 1 _Kriti unknown 20ut5
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(A) MTT asay show valdation of PRP-4 knockdown i the reversal of paclitaxelresstance. Data showed o ofthce positve arget
sites of PRP-4 by shRNA. (B). Duplicate sample sets of total RNA isolated from the SKOV-3 5, SKOV-3, TRCTIS, and SKOV-
35/ TRCT20cell lines analyzed in the MTT i

(upper pancl) and pactin (Tower pancl)

CONCLUSIONS

« Inhibition of several target genes by lentiviral shRNA
could sensitize SKOV-3; to paclitaxel .

« Specifically, overexpression of human pre-messenger
RNA processing (PRP-4) kinase in ovarian cancer
multidrug resistant cells and specific PRP-4
knockdown associated cellular paclitaxel sensitivities .

Overexpresion of PRP-4 in drug sensitive cells could
induce a modest level of drug resistance to paclitaxel.
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